C 4 photosynthesis outperforms the ancestral C 3 state in a wide range of natural and agro-ecosystems by affording higher water-use and nitrogen-use efficiencies. It therefore represents a prime target for engineering novel, high-yielding crops by introducing the trait into C 3 backgrounds. However, the genetic architecture of C 4 photosynthesis remains largely unknown. To define the divergence in gene expression modules between C 3 and C 4 photosynthesis during leaf ontogeny, we generated comprehensive transcriptome atlases of two Cleomaceae species, Gynandropsis gynandra (C 4 ) and Tarenaya hassleriana (C 3 ), by RNA sequencing. Overall, the gene expression profiles appear remarkably similar between the C 3 and C 4 species. We found that known C 4 genes were recruited to photosynthesis from different expression domains in C 3 , including typical housekeeping gene expression patterns in various tissues as well as individual heterotrophic tissues. Furthermore, we identified a structure-related module recruited from the C 3 root. Comparison of gene expression patterns with anatomy during leaf ontogeny provided insight into genetic features of Kranz anatomy. Altered expression of developmental factors and cell cycle genes is associated with a higher degree of endoreduplication in enlarged C 4 bundle sheath cells. A delay in mesophyll differentiation apparent both in the leaf anatomy and the transcriptome allows for extended vein formation in the C 4 leaf.
INTRODUCTION
C 4 photosynthesis has evolved concurrently and convergently in angiosperms more than 65 times from the ancestral C 3 state and provides fitness and yield advantages over C 3 photosynthesis under permissive conditions, such as high temperatures (Hatch, 1987; Sage, 2004) . In brief, C 4 photosynthesis represents a biochemical CO 2 pump that supercharges photosynthetic carbon assimilation through the Calvin-Benson-Bassham cycle (CBBC) by increasing the concentration of CO 2 at the site of its assimilation by the enzyme Rubisco (Andrews and Lorimer, 1987; Furbank and Hatch, 1987) . Rubisco is a bifunctional enzyme that catalyzes both the productive carboxylation and the futile oxygenation of ribulose 1,5-bisphosphate. The oxygenation reaction produces a toxic byproduct, 2-phosphoglycolic acid (Anderson, 1971) , which is removed by an energy-intensive metabolic repair process called photorespiration. By concentrating CO 2 through the C 4 cycle, the oxygenation of ribulose 1,5-bisphosphate and thereby photorespiration is massively reduced. However, the C 4 cycle requires input of energy to drive the CO 2 pump. Photorespiration increases with temperature and above ;23°C, the energy requirements of metabolic repair become higher than the energy cost of the C 4 cycle (Ehleringer and Björkman, 1978; Ehleringer et al., 1991) . Hence, operating C 4 photosynthesis is beneficial at high leaf temperatures, whereas C 3 photosynthesis prevails in cool climates (Ehleringer et al., 1991; Zhu et al., 2008) .
With a few exceptions, C 4 photosynthesis requires specialized Kranz anatomy (Haberlandt, 1896) , in which two distinct cell types share the photosynthetic labor, namely, mesophyll cells (MCs) and bundle sheath cells (BSCs). MCs surround the BSCs in a wreath-like manner and both cell types form concentric rings around the veins. This leads to a stereotypic vein-BSC-MC-MC-BSC-vein pattern (Brown, 1975) . MCs serve as carbon pumps that take in CO 2 from the leaf intercellular air space, convert it into a C 4 carbon compound, and load it into the BSCs. Here, CO 2 is released from the C 4 compound and assimilated into biomass by the CBBC, and the remaining C 3 -compound is returned to the MC to be loaded again with CO 2 . The carbon pump runs at a higher rate than the CBBC (overcycling), which leads to an increased concentration of CO 2 in the BSCs. Our understanding of the different elements required for C 4 photosynthesis varies, with many components of the metabolic cycle known, while their interplay and regulation remain mostly enigmatic, and very little is known about their anatomical control (Sage and Zhu, 2011) .
C 4 photosynthesis can be considered a complex trait, since it requires changes to the expression levels of hundreds or perhaps thousands of genes Gowik et al., 2011) . While complex traits are typically dissected by measuring the quantitative variation across a polymorphic population, this approach is not promising for C 4 photosynthesis, due to lack of known plasticity in "C 4 -ness" (Sage and McKown, 2006) . Historical crosses between C 3 and C 4 plants (Chapman and Osmond, 1974) are no longer available and would have to be reconstructed before they can be analyzed with molecular tools.
Alternatively, closely related C 3 and C 4 species provide a platform for studying C 4 photosynthesis. In the Cleomaceae and Asteraceae, comparative transcriptomic analyses have identified more than 1000 genes differentially expressed between closely related C 3 and C 4 species Gowik et al., 2011) . These studies, however, compared the end points of leaf development, i.e., fully matured photosynthetic leaves. Therefore, they do not provide insight into the dynamics of gene expression during leaf ontogeny, which is important for understanding the establishment of C 4 leaf anatomy. Systems analyses of maize (Zea mays) leaf gradients have provided a glimpse into developmental gene expression modules (Li et al., 2010; Pick et al., 2011; Wang et al., 2013) ; however, maize lacks a close C 3 relative and has simple parallel venation making any generalizations to dicot leaf development difficult.
Tarenaya hassleriana, previously known as Cleome hassleriana (Iltis and Cochrane, 2007; Iltis et al., 2011) , which is a C 3 plant, and Gynandropsis gynandra (previously known as Cleome gynandra), which is a derived C 4 plant, represent an ideal pair for a comparative analysis of the complex trait of C 4 photosynthesis . Both species belong to the family of Cleomaceae, are closely related to each other and to the wellannotated C 3 plant model species Arabidopsis thaliana (Brown et al., 2005; Marshall et al., 2007; Inda et al., 2008) , and both Cleome sister lineages share many traits (Iltis et al., 2011) . In addition, the genome of T. hassleriana has been recently sequenced and serves as a reference for expression profiling via RNA sequencing (Cheng et al., 2013) .
In this study, we take advantage of the phylogenetic proximity between G. gynandra and T. hassleriana to compare the dynamic changes in gene expression during leaf development (Inda et al., 2008) . We generated a transcriptome atlas for each species, consisting of three biological replicates of six different stages of leaf development, three different stages of each seed and seedling development, reproductive organs (carpels, stamen, petals, and sepals), stems, and roots. In parallel, we performed microscopy analysis of the leaf anatomy. Finally, we measured leaf cell ploidy levels by flow cytometry and measurements of nuclear size in different leaf cell types by confocal laser scanning microscopy.
RESULTS

Selection of Tissues Featured in the Comparative Atlases
For high-resolution characterization of photosynthetic development between a dicotyledonous C 3 and C 4 species, a leaf developmental gradient was defined. Stage 0 was the youngest sampled leaf, 2 mm in length, and not yet emerged from the apex. The stage 0 leaves are the first to show a discernible palmate shape and contain the first order vein (midrib vein) in both species ( Figure 1A ; Supplemental Figure 1A ). New leaves emerged from the apex every 2 d (plastochron = 2 d) in both species and were numbered sequentially from the aforementioned stage 0 to stage 5 ( Figure 1A) . The leaves emerge and initiate secondary vein formation at stage 1 (Supplemental Figure 1B) and fully mature by stages 4 and 5 (Supplemental Figures 1E and 1F ). The mature leaf of the C 4 species has more minor veins (up to 7°) than that of the C 3 species (up to 6°; Supplemental Figure 1F ). The leaf expansion rate is initially indistinguishable and never significantly different between the species ( Figure 1B ). The sampled leaf gradient covered the development from non-light-exposed sink tissues to fully photosynthetic source tissues.
Complementary to this and to provide a broader comparison between C 3 and C 4 plants, seedlings, minor photosynthetic, and heterotrophic tissues were selected for further characterization. The aerial portion of seedlings (cotyledon and hypocotyl) was sampled 2, 4, and 6 d after germination to cover early cotyledon maturation (Supplemental Figure 2 ). The full root system and stem tissue were sampled from plants after 6 to 8 weeks of growth before inflorescence emergence (Supplemental Figure  3A) ; floral organs (petals, carpels, stamen, and sepals) were harvested during flowering of 10-to 14-week-old plants as well as three different stages of seed development (Supplemental Figure 3B ). In total, 10 phototrophic and 8 heterotrophic tissues per species were included in the atlases (Table 1 ).
The C 3 and C 4 Transcriptomes Are of High Quality and Comparable between Species
Cross-species mapping provided a more reliable data set than de novo transcriptome assembly. Between 1.4 and 67 million highquality reads were generated per replicate (Supplemental Data Set 2). Initially, paired-end reads from each tissue were assembled by VELVET/OASES (Supplemental Table 1 ). Comparing the resulting contigs to reference data, including the T. hassleriana genome (Cheng et al., 2013) , revealed several quality issues. These include excessive numbers of contigs mapping to single loci, fused and fragmented contigs, and the absence of C 4 transcripts known to be highly expressed in G. gynandra (Supplemental Figures 4A to 4C and Supplemental Data Set 3) . As an alternative, we aligned singleend reads from both species to the recently sequenced T. hassleriana genome (Cheng et al., 2013) . Albeit slightly lower, the mapping efficiency and specificity remained comparable between both species with 60 to 70% of reads mapped for both leaf gradients (Supplemental Data Set 1). To define an upper boundary for any artifacts caused by cross-species mapping, three T. hassleriana samples (mature leaf stage 5, stamen, and young seed) were mapped to Arabidopsis. The correlation between replicates was equivalent in reads mapped to the cognate genome and across species with an average r = 0.98. Furthermore, there was a strong correlation between both mappings, reaching an average Pearson correlation of r = 0.86 after collapsing expression data to Arabidopsis identifiers to minimize bias from different genome duplication histories (Supplemental Table 2 and Supplemental Figure 5 ). Crossspecies mapping has been successfully used for inter species comparisons before Gowik et al., 2011) , and in this study mapping of both species to the T. hassleriana genome provided a quality data set with a limited degree of artifacts.
The generated transcriptome atlases were reproducible and comparable between species. To reduce noise, downstream analyses focused on genes expressed above 20 reads per mappable million (RPKM; Supplemental Figure 6 ), unless otherwise noted. Biological replicates of each tissue clustered closely together and were highly correlated (mean r = 0.92, median r = 0.97; Figure 2A ; Supplemental Figures 7A and 7B and  Supplemental Table 3 ). On average, 4686 and 5308 genes displayed significantly higher expression values in G. gynandra and T. hassleriana, respectively, with the greatest differences observed in seed and stem tissue ( Supplemental Table 4 ). In contrast, the transcriptome patterns were highly similar between the sister species (Figure 2A ; Supplemental Figure 7C ). Principle component analysis (PCA) showed that the first component separated the species and accounted for only 15% of the total variation (Supplemental Figure 8A ). Gene expression patterns and dynamics are conserved between species. The number of genes expressed above 20 RPKM varied by tissue from 6900 to 12,000, with the fewest in the mature leaf and most in the stem and youngest leaf in both species (Table 1 ; Supplemental Data Set 2). Hierarchical clustering revealed major modules with increasing and decreasing expression along the leaf gradient ( Figure 2B ), a large overlap of peak expression between seedlings and mature tissue, and distinct gene sets for the other sampled tissues (Supplemental Figure 9A ). In leaves, the genes with decreasing expression split into two primary clusters, of which the smaller cluster maintained higher expression longer in the C 4 than the C 3 species ( Figure 2B ). Clustering of the tissues with 10,000 bootstrap replications confirmed the visual similarity of mature leaves and seedlings and showed further major branches consisting of (1) carpel, stem, and root; (2) a seed gradient and remaining floral Figure 9A ). Limiting the clustering to transcription factors (TFs) showed equivalent results (Supplemental Figure 9B ; Figure 2C ), except that in leaves, a higher proportion of the TFs with decreasing expression maintained expression longer in the C 4 species. Notably, this delay impacted the clustering of the tissues and older C 4 leaves tended to cluster with younger C 3 leaves by TF expression (Supplemental Figures 9A and 9B) . The delay was further reflected in a PCA of the leaf gradient where stage 0 and 1 show much less separation in G. gynandra than in T. hassleriana (Supplemental Figure 8B) .
The functional categories with dominant expression showed distinct patterns across the tissues and high conservation between the species. As in the hierarchical clustering, the species showed similar profiles when examining the number of signature genes (expressed over 1000 RPKM; Figure 3 ) or the total RPKM (Supplemental Figure 9 ) in each functional category. As expected, in mature leaves and seedlings, transcriptional activity is dominated by photosynthesis, which is almost entirely lacking from roots, seeds, stamens, and petals ( Figure 3 ; Supplemental Figure 9 ). Younger leaf tissues of the C 3 species show higher expression of genes in the photosynthetic category, displayed as signature genes ( Figure 3 ) or as cumulative RPKM per category (Supplemental Figure 9 ). In all floral tissues, roots, and stems, transcriptional activity is comparatively balanced between categories. In seeds, a major portion of the total expression is allocated to a few, extremely highly expressed lipid transfer protein type seed storage proteins (Supplemental Figure 9 ). The differences between the two species lie in the details, especially within the developmental leaf gradient. In young G. gynandra leaves, more signature genes encode DNA and protein-associated MapMan terms than in T. hassleriana (Figure 3) . A close examination of secondary MapMan categories shows that specifically histone proteins (34 genes with P < 0.05 in stage 1, enriched with Fisher's exact test P = 2.6$10 213 ) and protein synthesis (222 genes with P < 0.05 in stage 1, enriched with Fisher's exact test P = 1.8$10 217 ) are upregulated in G. gynandra and that these categories have a larger dynamic range in G. gynandra than T. hassleriana (Supplemental Figure 10) .
In summary, transcriptomic analysis indicates the tissues are well paired and comparable between species and although there are differences in expression level, there is conservation of expression patterns between species. Within the leaf gradient, there is a subset of genes that shows a delay in the onset of expression changes in G. gynandra.
The Comparative Transcriptome Atlases Revealed Diverse Recruitment Patterns from the C 3 Plant T. hassleriana to C 4 Photosynthesis
The expression patterns of the core C 4 cycle genes were compared in G. gynandra and T. hassleriana to gain insight into the evolutionary recruitment of C 4 cycle genes to photosynthesis. During convergent evolution of C 4 photosynthesis, these genes were recruited from ancestral C 3 genes (Sage, 2004; Edwards et al., 2010; . To contextualize the change in expression of the C 4 cycle genes, the between species Euclidean (absolute) and Pearson (pattern) distances were calculated and compared from the leaf developmental gradients ( Figure  4A ). All known C 4 cycle genes showed a large Euclidean distance (844 to 9156 RPKM), while they split between a correlated and an inversely correlated pattern. In addition to the known C 4 genes, histones, lipid transfer proteins, protein synthesis, and DNA synthesis are functional categories found among genes with greater than 844 RPKM differences in absolute expression (Supplemental Data Set 6).
To identify ancestral C 3 expression domains from which C 4 genes were recruited, the expression of the core C 4 cycle genes was compared between species. In G. gynandra, all core C 4 cycle genes increase in expression along the leaf gradient and are high in seedlings (Figures 4C and 4D; Supplemental Figures 12A to 12F) ; this pattern matches that of other photosynthetic genes ( Figure 4B ). For each C 4 cycle gene, the T. hassleriana sequence to which most G. gynandra reads mapped was taken as the most likely closest putative ortholog (Supplemental Figures 13 and 14) . The putative orthologs of core C 4 genes are expressed at comparatively low levels in C 3 (Supplemental Figures 13 and 14) . Activity measurements of the core C 4 cycle enzymes match the observed gene expression profiles (Supplemental Figure  15 ). In contrast to leaves and seedlings, the remaining tissues show a variety of expression patterns of C 4 cycle genes in both species (Figures 4C to 4E; Supplemental Figures 12A to 12G) . Of the C 4 cycle genes, NAD-MALIC ENZYME (NAD-ME) and the SODIUM: HYDROGEN ANTIPORTER (NHD) show a fairly constitutive expression pattern in C 3 , while the others have a small number of tissues where the expression peaks ( Figure 4C Figure 12E ). Albeit erroneous identification of the closest C 3 ortholog in some cases (e.g., BASS2 and PHOSPHOENOLPYRUVATE CARBOXYLASE [PEPC]) impedes identification of the ancestral C 3 expression domain (Supplemental Figures 12 and 13 ), the majority of known C 4 cycle genes were recruited to a photosynthetic expression pattern from a variety of expression domains ( Figure 4B ).
To assess the possibility of small modular recruitment from other tissues to the C 4 leaf, we searched for evidence of an expression shift between the C 3 root and the C 4 leaf. This shift is expected, if the bundle sheath tissue is partially derived from the regulatory networks of root endodermis, as proposed previously (Slewinski, 2013) . Expression pattern filters were used to identify 37 genes that were expressed primarily in the C 3 root and the C 4 leaf (C 3 leaf/root < 0.3; C 4 /C3 leaf > 1; C 4 leaf4-5/root > 0.5; C 4 leaf5 > 30 RPKM; leaf5/root enrichment 6-fold greater in C 4 ), significantly more than in a randomized data set (P value < 10 229 ; Supplemental Table 5 ). This set of genes showed a very similar expression pattern to photosynthetic genes along the C 4 leaf gradient ( Figure 5A ). The functions encoded by the genes that were apparently recruited to the leaf from a root expression domain were consistent with structural modifications and C 4 photosynthesis. In Arabidopsis, 29 of the corresponding homologs are heterogeneously expressed across different root tissues with their highest expression in either the endodermis or cortex, analogous to bundle sheath and mesophyll cells, respectively (Slewinski, 2013) . Three functional groups could be identified in the cluster. The first is related to tissue structure, i.e., cell wall modification and plasmodesmata, the second to metabolic flux and redox balance, and the third to signaling ( Figure 5B ). Among these genes are two C 4 cycle genes, namely, DIC1, and a carbonic anhydrase. The group contains three TFs, one of which is involved in auxin response stimulation. Coexpression network analysis of the Arabidopsis homologs (ATTED-II) shows 11 genes from the cluster occur in a shared regulatory network. In summary, a set of genes related to cell wall, metabolic/redox flux, and signaling was recruited from the C 3 root to the C 4 leaf, many of which are coexpressed in Arabidopsis and found in leaf tissues analogous to BSC and MC. Figures 8A and 8B) , indicating a delay in leaf maturation. We hypothesized this delay in G. gynandra leaf maturation is manifested through alterations of cell cycle gene expression during leaf development. Hierarchical clustering of absolute expression values showed that the majority of known core cell cycle genes (Vandepoele et al., 2002; Beemster et al., 2005) have comparable expression patterns between both species (Supplemental Figure 16 and Supplemental Data Set 7). However, two distinct groups of genes were identified, which are either upregulated in G. gynandra between stage 0 to 2 (group 1: 9 of 18 genes with P value < 0.05) or show a delayed decrease during C 4 leaf development (group 2: 9 of 12 genes with P value < 0.05 between stage 0 and 3; Supplemental Figure 16 and Supplemental Data Set 7). Interestingly, GT-2-LIKE1 (GTL1), a key cell cycle regulator, was not correlated between G. gynandra and T. hassleriana during leaf development. GTL1 is upregulated in later stages of leaf development in T. hassleriana but not in G. gynandra (P value < 0.001 in stage 5; Supplemental Figure 16 and Supplemental Data Set 7).
Changes in the Leaf Transcriptomes Reveal Differences in
As GTL1 has been demonstrated to operate as an inhibitor of endoreduplication and ploidy-dependent cell growth (Breuer et al., 2009 (Breuer et al., , 2012 , we examined whether nuclei were enlarged in any G. gynandra leaf tissues. First, both leaf developmental gradients were subjected to flow cytometry. Polyploidy (DNA content > 2C) was observed in both species, but clearly enriched in C 4 compared with C 3 , especially in the more mature leaves (5% versus 1% $ 8C, 16% versus 4% $ 4C; Figure 6A ). In the G. gynandra C 4 leaf, the BSC nuclei were 2.9-fold larger than those in the MC (P < 0.001; Figures 6B and 6C) . In contrast, the C 3 T. hassleriana nuclei of both cell types were similar sizes with a size ratio of 1.0 ( Figures 6B and 6C ). The proportion of BSC in the leaf was estimated from transversal sections as 15% in G. gynandra and 6% in T. hassleriana ( Figures 7A to 7L ). This number fits with the subpopulation of cells with higher ploidy observed in G. gynandra in the mature leaf. In summary, the extended expression of a subgroup of cell cycle genes and downregulation of GTL1 correlate with higher ploidy levels in the G. gynandra mature leaf based on BSC nuclei area and flow cytometry measurements.
The C 4 Species Shows Delayed Differentiation of Mesophyll Tissue, Coinciding with Increased Vein Formation
The transcriptional delay in a large subset of G. gynandra genes ( Figures 2B, 2C, and 3 ) reflects a later differentiation of the C 4 leaf. The delayed pattern of this large subset of genes indicated that there might be a delay in the differentiation of leaf internal anatomy, although leaf growth rates and shape are similar between species ( Figure 1A) . Thus, the leaves were examined microscopically. Since dicotyledonous leaves differentiate in a wave from tip toward petiole (Andriankaja et al., 2012) , leaves were cross-sectioned at the midpoint (50% leaf length) for comparison. The cross sections revealed that in C 4 leaves, cell differentiation was delayed in the transition from undifferentiated ground tissue toward fully established palisade parenchyma ( Figures 7A to 7L ). Both species start undifferentiated at leaf stage 0 with only the primary vein distinctly visible in cleared leaves (Figures 7A and 7G; Supplemental Figure 1A ). In stage 1, the C 3 leaf starts to differentiate its palisade parenchyma, while the C 4 leaf shows dividing undifferentiated cells (Figures 7B and 7H) . Mesophyll differentiation has finished by stage 2 in the C 3 leaf ( Figure 7I ), but not until stage 4 in the C 4 leaf ( Figure 7D ). Classical mature C 4 leaf architecture appears in stage 4 in G. gynandra ( Figure 7E ). C 4 leaves ultimately develop more veins and open veinlets leading to Kranz anatomy (Supplemental Figure 1 ). Leaf mesophyll tissue of the C 3 species differentiates faster and develops fewer veins than the C 4 species.
The expression of genes related to vein development was consistent with greater venation in the C 4 leaf but failed to explain the larger delay in expression patterns and mesophyll differentiation in the C 4 leaf. Hierarchical clustering indicated that most known leaf and vasculature developmental factors (reviewed in Ohashi-Ito and Fukuda, 2010) showed similar expression patterns in the two species (Supplemental Figure 17 and Supplemental  Table 6 ). However, two clusters with distinct expression patterns were detected. In the C 4 species, seven genes were upregulated (P value < 0.05), including vasculature facilitators PIN-FORMED (PIN1), HOMEOBOX GENE8 (HB8), and XYLOGEN PROTEIN1 (XYP1) (Motose et al., 2004; Scarpella et al., 2006; Donner et al., 2009) , while five genes were downregulated (P value < 0.05), among those the negative regulators KANADI1 and 2, as well as HOMEOBOX GENE15 (Supplemental Figure 17 and Supplemental  Table 6 ; Ilegems et al., 2010) .
To further elucidate the magnitude and nature of the delayed expression changes on the transcriptional level, the leaf gradient data were clustered with the K-means algorithm (Supplemental Figures 17A and 17B and Supplemental Data Set 9). Of 16 clusters, six were divergent (1 to 3, 8, 9, and 15; 1270 genes). The remaining clusters were similar; however, four showed a transcriptional delay (4, 5, 13, and 16; 3361 genes), while six did not (6, 7, 10 to 12, and 14; 5162 genes). Of all clustered genes, 87% belonged to highly conserved clusters, 34% with a delay and 53% without. Thus, the transcriptional delay cannot be explained by general slower development.
All of the K-means clusters were functionally characterized by testing for enrichment in MapMan categories (Supplemental Data Set 10). The visually "shifted" patterns were: later onset of increase in clusters 13 and 5 (1058 and 395 genes, respectively), delayed decrease in cluster 4 (1644 genes), and a later peak in cluster 16 (264 genes; Figure 7M ). The "late decrease" cluster 4 is enriched in genes related to mitochondrial electron transfer, CONSTITUTIVE PHOTOMORPHOGENESIS9 (COP9) signalosome, and protein degradation by the proteasome (Figure 7M ; Supplemental Data Set 10). The "late onset" cluster 13 is enriched in all major photosynthetic categories: N-metabolism, and chlorophyll, isoprenoid, and tetrapyrrole biosynthesis (P value < 0.05; Supplemental Figures 17C and 17D and Supplemental Data Sets 9 and 10). The smaller "late onset" cluster 5 is enriched in the categories protein synthesis, tetrapyrrole synthesis, carotenoids, and peroxiredoxin. Cluster 16 peaks earlier in T. hassleriana than G. gynandra and is enriched in lipid metabolism (e.g., ACYL CARRIER PROTEIN4, CHLOROPLASTIC ACETYLCOA CARBOXYLASE1, 3-KETOACYL-ACYL CARRIER PROTEIN SYN-THASE1, and 3-KETOACYL-ACYL CARRIER PROTEIN SYNTHASE III) and plastid division genes, such as the FILAMENTATION TEMPERATURE-SENSITIVE genes FtsZ2, FtsH, and FtsZ, as well as ACCUMULATION AND REPLICATION OF CHLORO-PLASTS11 ( Figure 7M ; Supplemental Data Sets 9 and 10). The core of the phase-shifted clusters, defined as genes with Pearson's correlation coefficient of r > 0.99 to the cluster center, contained candidate regulators for the observed delayed patterns. The core of cluster 13 contained 17 TFs and genes involved in chloroplast maintenance (Supplemental Data Set 11). The core of cluster 4 contained 30 transcriptional regulators, including PROPORZ1 (PRZ1), and eight other chromatinremodeling genes. Nineteen cell cycle genes were found in the core of cluster 4 (Supplemental Figures 19A and 19B) , including CELL DIVISION CYCLE20 (CDC20), CDC27, and CELL CYCLE SWITCH PROTEIN52 (CCS52), which are key components of cell cycle progression from M-phase to S-phase (Pérez-Pérez et al., 2008; Mathieu-Rivet et al., 2010b) .
Our data were quantitatively compared with data from Arabidopsis leaf development to test if the observed phase shift related to a switch from proliferation to differentiation (Andriankaja et al., 2012) . This study identified genes that were significantly upor downregulated during the shift from proliferation to expansion (Andriankaja et al., 2012) . Putative orthologs of these genes were clustered by the K-means algorithm (without prior expression filtering), producing seven clusters for the upregulated genes (containing 483 genes in total) and five clusters for the downregulated genes (1112 genes in total; Supplemental Figure 20) . The trend was well conserved across species, with 75% of the upregulated and 96% of the downregulated genes falling into clusters with a matching trend. The genes showed a higher proportion of delay in G. gynandra than in the total data set, with 60 and 68% falling in delayed up-and downregulated clusters, respectively (Supplemental Figure 20) .
In summary, about a third of all gene expression patterns show a delay in the G. gynandra leaf ( Figure 7M ; Supplemental Figure 18 ). Delayed genes include major markers of leaf maturity such as the upregulation of photosynthetic gene expression and downregulation of mitochondrial electron transport (Supplemental Figures 19C and 19D and Supplemental Data Set 10) . This delay was more common in putative orthologs of genes differentially regulated during the shift from cell proliferation to expansion (Supplemental Figure 19 ; Andriankaja et al., 2012) . The slow maturation can be seen on the anatomical level as a delayed differentiation that coincides with increased vein formation in the C 4 species (Figures 7A to 7L) .
DISCUSSION
Comparative Transcriptome Atlases Provide a Powerful Tool for Understanding C 4 Photosynthesis
Two transcriptome atlases were generated to allow the analysis of gene recruitment to photosynthesis and to detect differences related to C 4 leaf anatomy. Two Cleomaceae species were chosen for this study due to their phylogenetic proximity to the model species Arabidopsis (Marshall et al., 2007) . The sampled leaf tissues covered development from sink tissue to fully mature source tissue (Figures 1 and 3) , and all higher order vein development (Supplemental Figure 1) . Since C 4 genes are recruited from genes already present in C 3 ancestors, where they carry out housekeeping functions (Sage, 2004; Besnard et al., 2009; , seed, stem, floral, and root tissues were included in the atlases in addition to leaves and seedlings.
The high similarity in expression pattern between the species maximizes our ability to detect differences related to C 4 photosynthesis. While PCA analysis showed that the first principle component separated the data set by species, this accounted for only 15% of the variation (Supplemental Figure 8A) . Excluding floral organs and stem, all tissues correlated with r > 0.7 between species (Supplemental Figure 7C and Supplemental Table 3 ). Hierarchical and K-means clustering showed the vast majority of genes had a similar pattern between species, and tissue types clustered closely with the same tissue in the other species. Specific groups of highly expressed genes exclusively expressed in one tissue type, such as root, stamen, and petal, are shared between G. gynandra and T. hassleriana, suggesting that these genes might represent drivers for the respective tissue identity (Supplemental Figure 9) . A subset of genes showed a consistent adjustment to their expression pattern, namely, a delay in the leaf gradient of G. gynandra relative to T. hassleriana ( Figure 7M ). Thus, organ identity is highly conserved between G. gynandra and T. hassleriana, but the rate at which organ identity, especially the leaf, is established can differ.
Expression Patterns of C 3 Putative Orthologs Support Small-Scale or Modular Recruitment to Photosynthesis, Implying That a General C 4 Master Regulator Is Unlikely
Ancestral expression patterns can be compared with assess whether a master regulator could have facilitated recruitment of genes to C 4 photosynthesis. The patterns of gene expression in T. hassleriana provide a good proxy for the ancestral C 3 expression pattern due to its phylogenetic proximity to G. gynandra (Inda et al., 2008; Cheng et al., 2013) . Genes active in the C 4 cycle were recruited from previously existing metabolism (Matsuoka, 1995; Chollet et al., 1996; Streatfield et al., 1999; Wheeler et al., 2005; Tronconi et al., 2010) . Expression patterns in T. hassleriana reflect known metabolism and expression; for instance, PPDK is expressed in seeds, stamens, and petals (Supplemental Figure  12B) , which is similar to the expression domain reported by Chastain et al. (2011) . Furthermore, PPT is highly expressed in stamens and during seed development (Supplemental Figure  12C ; Knappe et al., 2003a Knappe et al., , 2003b , since it is required for fatty acid production (Hay and Schwender, 2011) .
The C 3 putative orthologs of C 4 cycle genes show a variety of expression patterns within the atlas, providing strong evidence they could not have been recruited by a single master regulator. All C 4 cycle genes are expressed to a low degree in T. hassleriana, either constitutively or in defined tissues such as stamens, seeds, or young leaves ( Figures 4C to 4E) . Expression of NHD, AlaAT, AspAT, and PPDK increased along the leaf gradient in both C 3 and C 4 species, but in C 3 , the expression was highest in tissues other than the leaf ( Figure 4E ; Supplemental  Figures 12A, 12B, and 12D) . In contrast, DIC, BASS2, NAD-ME, and PPT are expressed in inverse patterns between C 3 and C 4 along the leaf gradient ( Figures 4C and 4D; Supplemental  Figures 12C and 12E) , and PEPC is expressed only in mature leaves in the C 3 species (Supplemental Figure 12F) . Except for DIC and PPDK, the expression level of the C 4 cycle genes was higher in G. gynandra across all tissues (Figure 4; Supplemental  Figures 12 to 14) . Thus, most of the C 4 cycle genes may still maintain their ancestral functions in addition to the acquired C 4 function. The correct ortholog in C 3 may not have been conclusively determined by cross species read mapping in all cases reported here. However, the main conclusion-that C 4 cycle genes are recruited from a variety of C 3 expression patternsholds regardless of which putative C 3 paralog is selected ( Supplemental Figures 13 and 14) .
A set of genes shifted from a root to leaf expression domain during C 4 evolution provides an example of small-scale modular recruitment. The proposed analogy between root endodermis and bundle sheath and between root cortex and mesophyll (Slewinski, 2013) has been linked to cooption of the SCARECROW (SCR) and SHORTROOT (SHR) regulatory networks into developing leaves (Slewinski et al., 2012; Wang et al., 2013) . A set of 37 genes consistent with such a recruitment module was identified. For this gene set, the C 3 species T. hassleriana ( Figure 5 ; Supplemental  Table 5 ) and Arabidopsis (Brady and Provart, 2009 ) showed conserved root expression, while the C 4 species showed an expression pattern similar to photosynthesis. Much of the root to leaf gene set was coregulated in Arabidopsis, and it contained TFs, including ETHYLENE RESPONSE FACTOR1 (Mantiri et al., 2008) , as well as an AUX/IAA regulator (Pérez-Pérez et al., 2010) and VND-INTERACTING2 (Yamaguchi et al., 2010) . Functionally, the majority of the gene set is involved in processes related to cell wall synthesis and modification. The set contains the cell wall-plasma membrane linker protein (Stein et al., 2011) and the xyloglucan endotransglycosylase TOUCH4 (Xu et al., 1995) , the tonoplast intrinsic protein involved in cell elongation (Beebo et al., 2009) , and a plasmodesmata-located protein (Bayer et al., 2008) . The observed coregulation and structural functions support an underlying structural relationship between the root tissues endodermis and cortex, and the leaf tissues bundle sheath and mesophyll.
It is still unresolved whether expression level recruitment of genes to the C 4 cycle was facilitated by the action of one or a few master switches controlling C 4 cycle gene expression and/or by changes to promoter sequences of C 4 genes (Westhoff and Gowik, 2010) . The diverse transcriptional patterns of the core C 4 cycle genes in T. hassleriana provide strong evidence that they were not recruited as a single transcriptional module facilitated by one or a few master regulators. However, the identified root to leaf module indicates that small-scale corecruitment occurs, and this may help bring about the 3 to 4% overall transcriptional changes occurring during C 4 evolution , Gowik et al., 2011 . The similarities in expression pattern between photosynthetic genes and C 4 cycle genes are evident ( Figure 4B) , and light-dependent induction of C 4 genes has been reported (Christin et al., 2013) , leading us to hypothesize that C 4 cycle genes may use the same light-induced regulatory circuits employed for the photosynthetic genes, possibly through acquisition of cis-regulatory elements or modification of chromatin structure, as has been shown for the PEPC gene promoter in maize (Tolley et al., 2012) .
Cell Size in G. gynandra Coincides with Nuclei Size and Ploidy
In addition to the biochemical C 4 cycle genes, transcriptional changes related to cell and tissue architecture are required for C 4 leaf development (Westhoff and Gowik, 2010) . The comparative atlases were contextualized with anatomical data to better understand BSC size.
G. gynandra has generally larger cells ( Figures 7A to 7L) , which might be attributed to a larger genome. After divergence from T. hassleriana, the G. gynandra lineage has undergone a putative whole-genome duplication (Inda et al., 2008) . Cell size has been tied to genome ploidy status previously (Sugimoto-Shirasu and Roberts, 2003; Lee et al., 2009b; Chevalier et al., 2011) . A relationship between ploidy and cell size could explain the generally larger cells in G. gynandra leaves ( Figures 7A to 7L) or relate to the upregulation of DNA and histone-associated genes in developing leaves (Figure 3; Supplemental Figures 10 and 11) .
Changes in the expression of key cell cycle genes indicated endoreduplication may be increased in G. gynandra, and followup nuclear size measurements indeed indicate BSCs have undergone endoreduplication. Enlargement of BSC is a common feature of C 4 plants (Sage, 2004; Christin et al., 2013) including G. gynandra (Figures 7D to 7F ), but the genetic mechanism is unknown. During leaf development, key cell cycle genes showed changes in expression pattern and expression level between G. gynandra and T. hassleriana (Supplemental Figure 16 ). CDC20 and CCS52A, which are closely linked with cell cycle M-to-Sphase progression or endocycle onset (Lammens et al., 2008; Larson-Rabin et al., 2009; Kasili et al., 2010; Mathieu-Rivet et al., 2010a) , exhibit prolonged expression during C 4 leaf development, whereas the expression of the master endoreduplication regulator GTL1 (Breuer et al., 2009 (Breuer et al., , 2012 Caro et al., 2012) is suppressed in the older leaf stages (Supplemental Figure 16) . Although a comparison of the more distantly related species Arabidopsis and G. gynandra discounted endoreduplication as a factor in bundle sheath cell size (Aubry et al., 2013) , the BSC and MC nuclei area measurements of mature G. gynandra and T. hassleriana leaves revealed that the BSC nuclei are 2.9-fold enlarged compared with MC nuclei in G. gynandra (Figures 6B and 6C) . At the same time, T. hassleriana BSC and MC cells do not differ significantly in nuclei size ( Figures 6A and 6C) .These results are supported by a flow cytometry analysis of both leaf developmental gradients, where the proportion of endoreplicated cells in the mature C 4 leaf (Figures 6A) matches the number of BSCs present in G. gynandra (Figures 6A and 7A to F) . Interestingly, we also find significant (P > 0.001) enlarged BSC nuclei in other C 4 species (e.g., Flaveria trinervia, Megathyrsus maximum, and maize; Supplemental Figure  22 ), indicating that larger nuclei size in BSC compared with the MC could be a general phenomenon in C 4 plants conserved across mono-and dicotyledons. Whether endoreplication is the cause of increased cell size in C 4 BSC, as found for trichomes and tomato (Solanum lycopersicum) karyoplasm (Traas et al., 1998; Chevalier et al., 2011) or whether endoreplication only occurs to support the high metabolic activity and large size of the BSCs (Sugimoto-Shirasu and Roberts, 2003) remains to be determined.
Late Differentiation of Mesophyll Tissue Allows Denser Venation
General regulators of leaf anatomy and shape (reviewed in Byrne, 2012) are expressed in very similar patterns between the two species (Supplemental Figure 17) , reflecting the very similar palmate five-fingered leaf shape and speed of leaf expansion (Figures 1A and 1B) . However, anatomical studies of leaf development show that differentiated palisade parenchyma is already observed at the midpoint of stage 1 leaves in T. hassleriana ( Figure 7H ) but can only be detected in the middle of the leaf in stages 3 and 4 in G. gynandra (Figures 7D to 7F) . Hierarchical clustering of transcriptome data indicates a similarity between younger T. hassleriana and older G. gynandra tissues (Supplemental Figure 9 ), which we attribute to a delay in G. gynandra leaf expression changes observed in the hierarchical clusters (Figures 2B  and 2C ) and observed for K-means clustering involving about a third of clustered genes ( Figure 7M; Supplemental Figure 18 ). Analysis of the delayed clusters for significant enrichment of functional categories indicated that the metabolic shift from sink to source tissue was delayed (Figures 3 and 7M ; Supplemental Figure 18 and Supplemental Data Set 10). Furthermore, the "delayed decrease" cluster 4 was enriched in COP9 signalosome and marker genes of the still developing heterotrophic leaf.
Cell cycle and cell differentiation regulators show a delayed expression pattern in G. gynandra. The expression of PRZ1, which switches development from cell proliferation to differentiation in Arabidopsis (Sieberer et al., 2003; Anzola et al., 2010) , is prolonged in the C 4 leaf ( Figure 7M, cluster 4) , as is the expression of chromatin remodeling factor GRF1-INTERACTING FACTOR3 implicated in the control of cell proliferation upstream of cell cycle regulation (Lee et al., 2009a) . Plastid division genes peak around leaf stage 1 in T. hassleriana and leaf stage 2 in G. gynandra (Figure 7M, cluster 16 ). It has recently been shown that chloroplast development and division precedes photosynthetic maturity in Arabidopsis leaves and retrograde signaling from the chloroplasts affects cell cycle exit from proliferation (Andriankaja et al., 2012) . Quantitative comparison of differentially regulated genes during the shift from cell proliferation to cell expansion found in Arabidopsis (Supplemental Figure 20 ; Andriankaja et al., 2012) to the expression patterns of the putatively orthologous genes along leaf developmental gradients in Cleome, reveals a strong conservation of expression pattern between Arabidopsis and Cleome during development. A higher proportion of delay of G. gynandra genes is observed in this gene set. This supports the idea that the transcriptional delay is directly linked to the anatomical delay in differentiation observed in G. gynandra (Supplemental Figure 19) .
The delay in cell differentiation allows for increased vein formation in the C 4 leaf. Mesophyll differentiation has already been shown to limit minor vein formation in Arabidopsis (Scarpella et al., 2004; Kang et al., 2007) . G. gynandra and T. hassleriana have altered vein densities, which result from more minor vein orders in G. gynandra (Supplemental Figure 1) , similar to results for the dicot Flaveria species (McKown and Dengler, 2009) . Given that differentiation of photosynthetic mesophyll cells limits minor vein formation in Arabidopsis (Scarpella et al., 2004; Kang et al., 2007) and that mesophyll differentiation is delayed in the C 4 species compared with the C 3 species (Figure 7) , dense venation may indeed be achieved by delaying mesophyll differentiation.
Genes related to vascular patterning are expressed in a manner consistent with higher venation in the C 4 leaf. The high expression of vascular pattern genes such as PIN1, HB8, ARF3, and XYP1 in the C 4 leaf (Supplemental Figure 17) is similar to that observed for Kranz patterned leaves in maize (Wang et al., 2013) . However, these genes may be a consequence, rather than a cause, of higher venation, especially since some of these markers are only expressed after pre-procambial or procambial identity is introduced (Ohashi-Ito and Fukuda, 2010). Once procambial fate is established, cellular differentiation of vein tissues proceeds through positional cues and localized signaling, possibly via the SCR/SHR pathway (Langdale and Nelson, 1991; Nelson and Langdale, 1992; Nelson and Dengler, 1997; Griffiths et al., 2013; Wang et al., 2013; Lundquist et al., 2014) . Interestingly, in accordance with the delay in leaf differentiation in G. gynandra, we could monitor a delay in higher expression for SHR peaking around leaf stage 1 to 3 (Supplemental Figure  21A) . SCR transcript abundance is clearly divided in both G. gynandra and T. hassleriana between two homologs, one of which is more abundant in the C 4 leaf and the other in the C 3 leaf (Supplemental Figure 21B) . SCR expression in G. gynandra follows the SHR pattern with a delayed upregulation. This is in accordance with earlier studies conducted in maize, where SHR transcript highly accumulates in the BSC to activate SCR expression (reviewed in Slewinski et al., 2012) The identification of mesophyll differentiation as the proximate cause for fewer minor vein orders in T. hassleriana raises the question of how mesophyll differentiation is controlled. In both C 4 and C 3 species, vascular patterning precedes photosynthetic tissue differentiation (Sud and Dengler, 2000; Scarpella et al., 2004; McKown and Dengler, 2010) . Light is one of the most important environmental cues that regulate leaf development, including its cellular differentiation and onset of photosynthesis (Tobin and Silverthorne, 1985; Nelson and Langdale, 1992; Fankhauser and Chory, 1997) . The COP9 signalosome, which plays a central role in repression of photomorphogenesis and G2/M cell cycle progression (Chamovitz et al., 1996; Dohmann et al., 2008) , showed a delayed decrease in G. gynandra compared with T. hassleriana (Supplemental Figure 19B) . The delay and earlier vein formation termination induced by excess light in Arabidopsis (Scarpella et al., 2004) suggest that light perception and its signal transduction may be differentially regulated in species with denser venation patterns.
Conclusions
In this study, we report a detailed comparison of the transcriptomes and the leaf development of two Cleomaceae species with different modes of photosynthetic carbon assimilation, i.e., C 3 and C 4 photosynthesis. The gene expression patterns are quite similar between both species, which facilitates the identification of differences related to C 4 photosynthesis. We could link two key features of Kranz anatomy to developmental processes through integration of expression and anatomical data. First, we show that the larger size of the bundle sheath cells in the C 4 species is associated with a higher ploidy in these cells, which might be controlled by delayed repression of the endocycle via the transcription factor GTL1. Second, a prominent difference between C 3 and C 4 leaf development is the delayed differentiation of the leaf cells in C 4 , which is associated with a delayed onset of photosynthetic gene expression, chloroplast proliferation and development, and altered expression of a few distinct cell cycle genes. Delayed mesophyll differentiation allows for increased initiation of vascular tissue and thus contributes to the higher vein density in C 4 . We hypothesize that delayed onset of mesophyll and chloroplast differentiation is a consequence of the prolonged expression of the COP9 signalosome and, hence, a delayed derepression of photomorphogenesis.
METHODS
Plant Material and Growth Conditions
Gynandropsis gynandra and Tarenaya hassleriana plants for transcriptome profiling by Illumina Sequencing were grown in standard potting mix in a greenhouse between April and August 2011. Internal transcribed spacer sequences of G. gynandra and T. hassleriana were analyzed and plant identity confirmed according to Inda et al. (2008) . Leaves were harvested from 4-to 6-week-old plants, prior to inflorescence initiation. All samples were harvested during midday. Flowers, stamens, sepals, and carpels were harvested after induction of flowering. Green tissues from seedlings were harvested 2, 4, and 6 d after germination. Root material was harvested from plants grown in vermiculite for 6 weeks and supplemented with Hoagland solution. Leaf material for the ontogeny analysis was selected by the order of leaf emergence from the apex in leaf stages from 0 to 5. Up to 40 plants were pooled for each biological replicate.
Leaf Expansion Rate
Leaves from stage 0 to 5 were analyzed in five biological replicates for each G. gynandra and T. hassleriana. Leaves were scanned on a flat bed scanner (V700 Photo; Epson), and the area was analyzed with free image analysis software ImageJ.
Leaf Cross Sections for Anatomical Studies
Leaves from stage 0 to 5 were analyzed in biological triplicates. Leaf material (2 3 2 mm) was cut next to the major first order vein at 50% of the whole leaf length. Leaf material was fixed in 4% paraformaldehyde solution overnight at 4°C, transferred to 0.1% glutaraldehyde in phosphate buffer, and vacuum infiltrated three times for 5 min. The leaf material was then dehydrated with an ascending ethanol series (70, 80, 90, and 96%) with a 1-h incubation in each solution. Samples were incubated twice in 100% ethanol and twice in 100% acetone, each for 20 min, and infiltrated with an acetone:araldite (1:1) mixture overnight at 4°C. After acetone evaporation, fresh araldite was added to the leaf samples until samples were covered and incubated for 3 to 4 h. Samples were transferred to fresh araldite in molds and polymerized at 65°C for 48 h. Cross sections were stained with toluidine blue for 15 s and washed with H 2 O dest . Cross sections were imaged with bright-field settings using an Eclipse Ti-U microscope (Nikon).
Flow Cytometry
Three biological replicate samples were chopped with a razor blade in 200 mL of Cystain UV Precise P Nuclei extraction buffer followed by the addition of 800 mL of staining buffer (buffers from Partec). The chopped leaves in buffer were filtered through a 50-mm mesh. The distribution of the nuclear DNA content was analyzed using a CytoFlow ML flow cytometer and FLOMAX software (Partec) as described (Zhiponova et al., 2013) .
Measurement of Nuclei from Mature Leaves
Fresh mature leaves (leaf stage 5, three biological replicates) of G. gynandra and T. hassleriana were cut transversally, fixed in 13 PBS buffer (1% Tween 20 and 3% glutaraldehyde) overnight at room temperature, and stained with propidium iodide solution directly on the microscopic slide. Cross sections were imaged by fluorescence microscopy using an Axio Imager M2M fluorescence microscope (Zeiss) with an HE DS-Red Filter. Images were processed with ZEN10 software (Zeiss), and the nuclear area of at least 200 nuclei per cell type per species was measured with ImageJ.
RNA Extraction, Library Construction, and Sequencing
Plant material was extracted using the Plant RNeasy extraction kit (Qiagen). RNA was treated on-column (Qiagen) and in solution with RNAfree DNase (New England Biolabs). RNA integrity, sequencing library quality, and fragment size were checked on a 2100 Bioanalyzer (Agilent). Libraries were prepared using the TruSeq RNA Sample Prep Kit v2 (Illumina), and library quantification was performed with a Qubit 2.0 (Invitrogen). Single-end sequenced samples were multiplexed with six libraries per lane with ;20 million reads per library. For paired-end sequencing, RNA of all photosynthetic and nonphotosynthetic samples was pooled equally for each species and prepared as one library per species. Paired end libraries were run on one lane with ;175 million clean reads for T. hassleriana and 220 million clean reads for G. gynandra. All libraries were sequenced on the HISEQ2000 Illumina platform. Libraries were sequenced in the single-end or paired-end mode with length ranging from 80 to 100 nucleotides. The paired-end library of G. gynandra had an average fragment size of 304 bp; T. hassleriana had an average fragment size of 301 bp.
Gene Expression Profiling
Reads were checked for quality with FASTQC (www.bioinformatics. babraham.ac.uk/projects/fastqc/), subsequently cleaned and filtered for quality scores greater than 20 and read length greater than 50 nucleotides using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit). Expression abundances were determined by mapping the single-end read libraries (each replicate for each tissue) independently against T. hassleriana representative coding sequences (Cheng et al., 2013) using BLAT V35 (Kent, 2002) in protein space and counting the best mapping hit based on e-value for each read uniquely. Default BLAT parameters were used for mapping both species. Expression was normalized to reads per kilobase T. hassleriana coding sequence per million mappable reads (RPKM). T. hassleriana coding sequences were annotated using BLASTX searches (cutoff 1e 210 ) against the TAIR10 proteome database. The best BLAST hit per read was filtered by the highest bit score. A threshold of 20 RPKM per coding sequence in at least one species present in at least one tissue was chosen to discriminate background transcription (Supplemental Figure 14) . Differential expression between T. hassleriana and G. gynandra was determined by EdgeR (Robinson et al., 2010) in R (R Development Core Team, 2009). A significance threshold of 0.05 was applied after the P value was adjusted with false discovery rate via Bonferroni-Holms correction (Holm, 1979) .
Data Analysis
Data analysis was performed with the R statistical package (R Development Core Team, 2009) unless stated otherwise. For Pearson's correlation and PCA analysis, Z-scores were calculated by gene across both species. For all other analyses, Z-scores were calculated by gene within each species, to focus on comparing expression patterns. For K-means and hierarchical clustering, genes were filtered to those with more than 20 RPKM in at least one of the samples used in each species.
To determine the number of centers for K-means clustering, the sum of SE within clusters was plotted against cluster number and compared with randomized data (Supplemental Figures 18B, 20C, and 20D) . A total of 16 centers was chosen, and K-means clustering was performed 10,000 times and the best solution, as defined by the minimum sum of SE of genes in the cluster, was taken for downstream analyses (Peeples, 2011) . Multiscale bootstrap resampling of the hierarchical clustering was performed for samples with 10,000 repetitions using the pvclust R package (Suzuki and Shimodaira, 2006) .
Stage enrichment was tested for all K-means clusters and for tissue "signature genes" with expression of over 1000 RPKM in each tissue using TAIR10 MapMan categories (from http://mapman.gabipd.org) for the best Arabidopsis thaliana homolog. Categories with more than five members in the filtered (K-means) or complete (signature genes) data set were tested for enrichment by Fisher's exact test, and P values were adjusted to false discovery rates via Benjamini-Yekutieli correction, which is tolerant of dependencies (Yekutieli and Benjamini, 1999) .
Accession Numbers
Sequence data from this article can be found in NCBI GenBank under the following accession numbers: SRP036637 for G. gynandra and SRP036837 for T. hassleriana.
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